Confocal laser endomicroscopy (CLE) enables "in vivo" microscopic tissue diagnosis based on tissue reflectance or tissue fluorescence upon application of fluorescence agents. The aim of the present study was to evaluate CLE as a new diagnostic approach for differentiation between malignant versus non-malignant pleural effusions.
Background
Confocal laser endomicroscopy (CLE) is a well-established method in gastroenterology. The principle of CLE is based on tissue reflectance or tissue fluorescence after application of fluorescence agents (mostly fluorescein sodium) [1] which enable the endoscopist to perform instant microscopic tissue diagnosis on site [2] [3] [4] with results comparable to those of traditional histology. For this purpose, it is widely used in the upper and lower gastrointestinal tract. In a pilot study, Tontini et al. differentiated pathologic changes of the mucosa between ulcerative colitis and Crohn disease applying CLE [5] . Additional applications of CLE include diagnosis and management of Barrett esophagus [6] , pancreatic and bile duct strictures [7, 8] , gastric intestinal metaplasia/cancer [9, 10] , and colon polyps [11] . However, until now it has not replaced, but rather refined, pathological investigation.
The use of fluorescent CLE in the field of pulmonology is comparatively rare. A comprehensive literature review yielded only 28 publications reporting CLE in this field. In this context, pulmonary CLE was first described by Thiberville et al. in 2009 demonstrating feasibility and ease of use of this technique during fiberoptic or video-chip-based bronchoscopy under local anesthesia [12] . Beyond that, normal proximal and distal bronchial structures could be successfully illustrated [13] [14] [15] [16] . Further encouraging attempts were made applying CLE to distinguish normal mucosa from cancer tissue both in vivo and ex vivo [17, 18] , to detect changes in the respiratory tract in case of acute lung allograft rejection [19] , endobronchial hamartomas [20] , and amiodarone-related pneumonia [21] , as well as pulmonary alveolar microlithiasis [22] and radiation-induced pulmonary fibrosis [23] . Recent approaches even assessed the feasibility of CLE in solitary pulmonary nodules for different part of the lungs [24] . CLE was found to be helpful to precise positioning and to characterize the peripheral pulmonary nodule [25] . Moreover, Guisier et al. showed successful application of CLE for imaging of apoptosis in tumor xenografts of mice [26] . Despite these promising data, CLE is currently not routinely used in pulmonology.
Pleural effusions are a common symptom in a wide range of different diseases. They are caused by an imbalance between fluid production versus fluid reabsorption. More than 1.5 million pleural effusions occur in the United States every year as a consequence of a variety of inflammatory, infectious, and malignant conditions [27, 28] (an estimated 150 000 of which proved to be malignant [29] ). Most frequently, pleural effusions are seen in association with heart failure, malignancy, pneumonia, tuberculosis, and pulmonary embolism [30] .
Presently, several tests are required for differential diagnosis: Initially, exudates are differentiated from transudates based on the Light's criteria [30] [31] [32] . Especially in case of exudative effusions additional testing is needed: pH, glucose, lactate, triglyceride, cholesterol, leukocyte count including further characterization of subgroups such as neutrophils, lymphocytes, and mononuclear cells, microbiological analysis, as well as cytological and/or histological examination [31] .
Regarding malignancy, the general aim is to minimize the required examinations for diagnosing patients with metastatic disease including those with malignant pleural effusions to avoid further complications and delay of therapy. A very elegant and relatively non-invasive method to reach this aim is to detect malignant cells in existing pleural effusions by cytology verifying stage IV disease [32] [33] [34] .
Although cytological examination of suspected malignant pleural effusions is fast and efficient in cancer diagnosis (advanced stage), it can lead to false negative results in up to 40% of patients [30] resulting in a mean sensitivity averaging only 60% (with a range of 40% to 87%) [35] [36] [37] . Sending a second specimen taken on a different occasion may increase the sensitivity by 27%, while a third may only lead to a 5% increase in correct diagnosis, suggesting that sending more than 2 specimens should be avoided [37] . A combination of the cell block method with smears prepared from fluid samples was reported to improve diagnostic sensitivity by up to 15% [38] [39] [40] .
First and foremost, the present study is a proof of concept study. Our main concern was whether CLE was applicable for diagnosing pleural fluids, and if so, is CLE able to distinguish malignant from non-malignant cells in pleural effusions? Second, we aimed to determine whether this would result in a potential clinical benefit.
Material and Methods
One hundred consecutive patients with pleural effusions (unior bilateral) were prospectively included between May 2011 and October 2012. Participants were enrolled if they met the following inclusion criteria: older than 18 years of age, ultrasound-guided possible thoracentesis, necessity of thoracentesis because of clinical reasons. Patients with 1 or more of following criteria were excluded from the study: severe uncontrolled coagulopathy without vital necessity of thoracentesis, residing in institutions (e.g., prison), and patients younger than18 years of age. Clinical data were noted including age, gender, patient history, secondary diagnoses, laboratory and histological/cytological data, as well as further interventions within the next 30 days such as pleural biopsies, re-thoracentesis, or computed tomography (CT) scans. The study was approved by the local ethical committee (https://www.ethikkommission. fau.de, Ethikkommission der Friedrich-Alexander-Universität Erlangen-Nürnberg, Krankenhausstraße 12, 91054 Erlangen) and was conducted according to the Declaration of Helsinki. Patients suffered from various underlying diseases such as different cancer types, active infections, hepatic cirrhosis, renal failure, or cardiac decompensation (Supplementary Tables 1, 2) . For diagnostic and/or therapeutic reasons, all study participants underwent thoracentesis by single or repeat punctures or alternatively by inserting a pleural catheter. The procedure was explained to all patients in detail and written consent was obtained.
Beside routinely conducted tests (pH-value, lactate, glucose, albumin, microbiological examination, and conventional cytological or cell block analyses) we took an additional 30 mL of pleural effusion for CLE "ex-vivo" analysis. Cell block analyses and conventional cytological examinations served as the control for CLE. We used hematoxylin and eosin (H&E) staining, CK 20 and BerEP4 staining as well as the antibody for TTF-1. Immunohistochemical staining was conducted on 2 µm thick sections of formalin-fixed paraffin-embedded (FFPE) cyto-tumor blocks according to manufacturer's protocol on Ventana Benchmark Ultra (Ventana Medical Systems, Inc., Tucson, AZ, USA). The antibody for TTF-1 (clone 8G7G3/1, dilution, 1: 500) was retrieved from Zytomed, Berlin, Germany.
To 50 samples, cresyl violet (1 mg cresyl violet dissolved in 2 mL sodium chloride 0.9% to each sample, Merck) was added. To the remaining 50 cases, acriflavine (2.5 mg acriflavine dissolved in 1 mL sodium chloride 0.9%, Sigma Aldrich) was added.
After centrifugation (15 minutes, 4°C, 1500 rpm) CLE was performed which required about 5-10 minutes for each sample including diagnostic rating.
Preferentially, the cell pellet was analyzed. The commercial Cellvizio ® system (Mauna Kea Technologies, Paris) was used. A confocal miniprobe S type (1.4-mm diameter; SN: DM-2023, Mauna Kea Technologies) was applied which displayed a penetration depth of 0-50 μm, a lateral resolution of 3.5 μm, and a field of view of 600×500 μm. We selected a grey scaled imaging with the lower and upper level thresholds of the lookup table from 0 to 8,000 units (setting/parameters as used by Fuchs et al. [17] ).
The video sequences were assessed with the included software (Cellvizio viewer, version 1.4.1; Mauna Kea Technologies). The completed video sequences were analyzed by 4 different physicians. Two physicians were the principle investigators who received detailed theoretical and practical training in this technique (experienced investigators A and B), the other 2 investigators (unexperienced investigators C and D) were just briefly introduced to CLE analysis by exercise sheets. Their rating was then compared to cytology results. Confirmation of malignant cells (presence of at least single tumor cells) resulted in the category "malignant -m", all the others in the category "nonmalignant -nm". Assuming that cytology also affords shortcomings, we validated these data including clinical information. The latter were obtained retrospectively from the medical files. Alike, investigative results within 30 days following initial pleural puncture were considered: thoracoscopic-guided proof of pleural carcinomatosis, re-puncture with detection of malignant cells in cell block analyses, serious suspicion of pleural carcinomatosis in CT scan.
This approach was chosen to assess the analytical sensitivity and specificity of this method as well as the positive and negative predictive value.
Finally, all video sequences were reevaluated by an experienced pathologist blinded to the results of the evaluations by the non-pathologist investigators.
Results
During the study period, a total of 100 patients with pleural effusions were prospectively included. They were randomly assigned to 2 groups (acriflavine versus cresyl violet for effusion staining) consisting of 50 patients each at a 1: 1 ratio. Following staining with the well-established fluorescent agents acriflavine or cresyl violet, CLE was performed to allow realtime non-invasive cytological imaging.
With both dyes the main cell types could clearly be seen and differentiated: Cancer cells, mesothelial cells, and leukocytes. Similar to traditional cytology (please see Figures 1, 2 ; A2, B2, respectively) they showed typical characteristics with malignant cells had an unbalanced nucleus-plasma relation towards an enlarged nucleus. Carcinoma cells showed variation in cell size with hyperchromatic nuclei and irregular nuclear and cell membranes (Figures 1, 2 ; A1, B1 respectively). In only some cases, reactively transformed mesothelial cells were barely distinguishable from tumor cells. As a proof of concept study and as the 4 investigators of interest were internal specialists and not pathologists a subdivision of cancer cell types was not intended.
The CLE mesothelial cells were not as brightly shining as tumor cells. They also showed a balanced nucleus-plasma relation and regular contour of nucleus and cell membrane.
Leukocytes could be identified by their small cell size. Also, they were more brightly shining than all the other cell components (Figures 1, 2 ; C1 respectively). Table 1 ). Eight pleural effusions were cytologically identified as malignant. Among these 7 were correctly classified by all 4 investigators leading to a sensitivity of 87%. One specimen was misjudged by all 4, whereas another sample was falsely categorized as "malignant" by 1 investigator only (with basic knowledge). This resulted in a mean specificity of 99% (range, 97% to 100%).
Taking also the available clinical data into account, the sensitivity was 70% and the specificity had the same range (97% to 100%) with a mean value of 99%. Upon consideration of the clinical information, 2 more malignant diagnoses were made compared with cytology/cell block analysis alone decreasing the sensitivity. Comparing cytological results taking the additional clinical information into account yielded similar sensitivity (80%) and specificity (100%).
The pathologist classified 49 out of 50 probes correctly. Only in case number 23 the pathologist failed to detect malignancy as he classified the tissue as necrotic. Therefore, the sensitivity for malignant effusions was 87% while the specificity was 100%.
In the cresyl violet group 39 out of 50 patients suffered from a known malignancy while the remaining 11 patients were tumor-free (Supplementary Table 2 ). Eleven pleural effusions were cytologically classified as malignant. In 1 case, sequential cytological analyses were necessary to reveal the presence of malignant cells in the pleural effusion.
Based on CLE analysis 9 specimens were correctly categorized as malignant (by all 4 investigators), in 2 samples no malignant cells could be found. Without considering the additional clinical information, 2 (by all investigators) to 4 (2 more samples misjudged by 1 and the other time by both investigators with only a short briefing in this technique) samples had to be assessed as "false positive". Thus, sensitivity scored 81% and specificity 92% (range, 89% to 94%).
When adding additional information obtained clinically, 2 samples that were initially misjudged as false positive could be in fact verified as positive. Intensive inquiries revealed in 1 case a profound suspicion of progressive pleural carcinomatosis on CT scan matching the location of sample acquisition. In the other case, a second pleural puncture shortly after the first was performed revealing malignant cells on cell block analysis. Thus, the sensitivity only reached 73% and the mean specificity scored 97% (range, 94% to 100%) because the addition of clinical data lead to detection of 15 malignant effusions.
A comparison between cytology and cytology supplemented with clinical data revealed a similar sensitivity of 73% and a specificity of 100%. The pathologist rated 8 (out of 11 cytologically proven cases) as malignant pleural effusions correctly (sensitivity 72%, specificity 100%). Three were not detected as malignant (case number 20, 28, and 31).
Discussion
In pulmonology, CLE is a comparatively "young technique". Despite some promising data on this topic, CLE has not been implemented in routine clinical practice. In 2009, Thiberville et al. illustrated normal proximal and distal bronchial tissue structures [12] . Later on, Fuchs et al. and Sorokina et al. differentiated normal mucosa from tumor-infiltrated mucosa in vivo and ex vivo [17, 18] . Also, other disease entities, such as acute lung allograft rejection [19] , amiodaron-induced pneumonia [21] or alveolar mircolithiasis [22] , showed structural changes detected by CLE. While this method is widely used in gastroenterology, its use is still experimental in the lung without a clearly defined field of application [17] . Nevertheless, these studies raised the expectation that CLE may be a potential novel diagnostic tool in pulmonology, especially in cytology and not only tissue-based diagnosis (in vivo histology).
With our current study, we show that CLE indeed represents a useful, reliable, and feasible tool for diagnostic evaluation of pleural effusions of different origins. Almost all malignant pleural effusions were correctly classified both by experienced investigators and those with only basic knowledge in this technique. Considering the clinical data as well, no sample was misjudged as false positive by the experienced physicians. In line with expectations, the error rate of the investigators with only a short briefing in this technique was higher than in the experienced group. Albeit the latter difference did not reach statistical significance.
In a few cases no consensus regarding the state of malignancy could be reached comparing the results from cytological findings with CLE. In 2 cases, CLE detected malignant cells while cytology remained negative. Taking into account additional clinical data, the CLE results could be confirmed. These data demonstrate that cytology -though being the current gold standard -also comes with a relatively high rate of error. Inversely, 3 times cytology correctly classified pleural effusions as malignant while CLE did not.
Both methods had a similar false negative rate according to clinical data: cytology in 4 and 2 cases, respectively; CLE in 4 and 3 samples leading to an almost equal specificity (100%/100% vs. mean 97%/99%) and sensitivity (73%/80% vs. mean 73%/70%). As a second control, all probes were double-checked by an experienced pathologist. Of all 100 samples only 4 were misjudged indicating that this technique (CLE) should be implemented in routine clinical practice.
Certainly, there were some limitations to the design and the interpretation of this study:
Of course, every new technique needs to prove an advantage over the current gold standard to change practice. However, we view our study as a proof of concept study to provide an answer whether CLE may be able to reliably detect tumorous effusions since it has not been applied in this setting before. It is not intended nor powered by sample size to demonstrate non-inferiority, let alone superiority, to cytology. Studies with larger samples sizes will have to come up with a pertinent answer to this question.
Another limitation of this study was that the samples analyzed by CLE or cytology could not be identical due to the different technical approaches. Due to the different staining methods, we had to use different parts of pleural effusions. For this reason, it is theoretically possible that malignant cells were present and detectable in one sample and not in the other one leading to the possibility of false results.
Another difficulty was the interpretation of the additional clinical data. Postulating malignant cells were missed either by conventional cytology and/or CLE because of CT scan, thoracoscopic findings, or re-puncture results within 30 days after the initial examination is not unproblematic.
Also, our results on CLE cytology primarily need to be compared with the current golden standard which is still cytology/cell block analyses.
A further limitation of the study was the small number of cytologically positive (malignant) pleural effusions despite many probes were from cancer patients. However, this is a known phenomenon and diagnostic caveat described by Sahn et al. [41] . For all these reasons, further studies should be performed to confirm our findings showing CLE has a role in this application field. Finally, costs may be another limitation precluding a wide implementation of this technique. Similar to other new and captivating technologies, CLE is without doubt a quite expensive tool. One probe for up to 20 samples usually costs up to 4000 EUR. As an exception, we were able to obtain a miniprobe from the producer which was not provided for "in vivo" use. With this special probe (costs: 4000 EUR) up to 1 000 000 samples could be analyzed which is cost-cutting (0.4 cent per examination).
To our knowledge this was the first report using CLE for cytological analysis of pleural effusions. Based upon this fact drawing direct comparisons to earlier CLE studies might be difficult. In other specialties, particularly in gastroenterology, CLE is widely used. The method gives support in more precise localization of biopsies, that may lead to improved results and reduced numbers of biopsies needed for definite diagnosis [42] . Similar findings could be obtained in lung cancer demonstrating excellent phenotyping of normal and tumor-infiltrated mucosa; the sensitivity in detecting malignant lesions was found to be 96% and the specificity 87% [17] .
Our findings suggest that CLE might be of clinical relevance for the analysis of pleural effusions. Moreover, the results open new avenues for research on CLE-based analysis in order to refine conventional cytology/histology.
In the future, it would be very interesting to compare CLE findings with other innovative approaches of targeted molecular diagnosis such as PCR for tumor-specific markers. Several groups have shown that such techniques may help to refine tumor diagnosis in the setting of pleural effusions [43] . Also, it may be a promising future strategy to test CLE using antigen-specific probes as has been done in gastroenterology already [44] . In addition, the application of CLE in other pulmonary examination methods would be desirable (e.g., EBUS-TBNA) as an encouraging case report has already shown [45] .
Conclusions
CLE is versatile, easy to handle and a rapidly applicable method on cytological specimen. At a high percentage, a clear differentiation between malignant and non-malignant pleural effusions could be achieved. In the future, CLE may have a value as a fast and reliable "bedside test". However, currently, we believe that CLE may lead to complementary information in addition to traditional cytological examination and may help to improve cytological-aided diagnosis of malignant effusions. Finally, a combination of the techniques of CLE and cytology may significantly decrease the number of false negative results. As a consequence, in more cases (and more quickly) the accurate diagnosis of malignancies involving the pleura could be made without major interventions (particularly in lung cancer patients). Further studies should be initiated with the intention of subdivision of cancer types CLE-based. As expected the diagnostic efficiency is examiner-dependent though without statistical significance in our study.
